The perturbed angular correlation method was employed to study the lattice environment of In implanted into GaN. It was found, after annealing the implantation induced damage, that 65% of the implanted atoms were situated in regular undisturbed Ga lattice sites. The remaining fraction showed an unusual behavior insofar as its lattice surroundings changed reversibly from undisturbed at temperatures above 600 K to strongly disturbed at low temperatures. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1485117͔ Gallium nitride has experienced much attention due to its possible application in photonic devices and high-power or high-temperature electronic devices. Specifically, the synthesis of In x Ga 1Ϫx N alloys has been studied extensively because of the possibility to tailor the band gap of this material by varying its In content.
The perturbed angular correlation technique ͑PAC͒, employed for the experiments presented here, measures the hyperfine interaction of an electric field gradient ͑EFG͒ at the site of a radioactive probe with the quadrupole moment Q of the intermediate state of a ␥-␥ cascade in the daughter nucleus. This interaction causes a perturbation of the anisotropic emission pattern of the second ␥ ray with respect to the emission direction of the first. From the time dependence of this emission pattern, the parameters of the quadrupole interaction can be derived. It is usually characterized by the quadrupole interaction frequency Q , which is proportional to the product of the principal component of the EFG V zz and the quadrupole moment Q of the intermediate state of the cascade, and the asymmetry parameter . The EFG is characteristic for the charge distribution in the microscopic lattice surrounding of the probe nucleus. Therefore, the PAC technique is very well suited to study the immediate lattice surrounding of an implanted probe nucleus and any changes induced for instance by annealing.
For the present experiments, the radioactive probe atom
111
In was implanted into nominally undoped GaN grown by metalorganic chemical vapor deposition on sapphire. The implantation energy was 160 keV with typical doses around 5 ϫ10 2 ions/cm 2 . Subsequently, the samples were annealed in a rapid thermal annealing apparatus for 120 s at 1273 K with a proximity cap under flowing nitrogen. In previous annealing studies, these parameters have been found to most effectively reduce the correlated damage caused by ion implantation while preventing nitrogen loss from the surface layers. 4 PAC spectra were taken at different sample temperatures between 16.5 and 1023 K. Measurements below 293 K were carried out under a vacuum in a closed cycle He refrigerator. For measurements at elevated temperatures, the samples were placed in a carbon heater under low N 2 pressure.
A standard PAC setup of four BaF 2 detectors in a cross shaped arrangement and conventional fast-slow electronics was used. 3 For all measurements, the ĉ axis of the GaN samples was aligned with the angle bisector of two detectors at a relative angle of 90°.
Typical PAC spectra obtained at different sample temperatures are shown in Fig. 1 . From least-square fits to the data, the parameters of the quadrupole interaction Q and were extracted. In order to describe the data, it is necessary to assume two fractions of probe nuclei situated in different environments. At 293 K, the larger fraction ( f s ) has a value of 65͑5͒% and is characterized by Q s ϭ6.3(1) MHz with ϭ0. Further, the observed pattern is consistent with an orientation of V zz parallel to the ͗0001͘-axis of the crystal. The second fraction f d ϭ35 (5) Lattice location measurements have shown that implanted In in GaN after annealing occupies the Ga lattice site. Rutherford backscattering channeling 5 and electron emission channeling 6 measurements yield substitutional In Ga fractions of 95% and 90%, respectively. The emission channeling measurements, being especially sensitive to small displacements of the In probes, give 0.05 Å as an upper limit for any relaxation from the regular substitutional site. Therefore, it can be concluded that practically all PAC probes ( f s ϩ f d ) are situated on substitutional Ga sites.
The present results, as well as previous PAC measurements [6] [7] [8] with 111 In in GaN, yield for the largest fraction of In probes ( f s ) an EFG at the In site which is axially symmetric (ϭ0) and has its principal component aligned with the ͗0001͘ axis of the GaN lattice. This agrees well with the symmetry properties of a Ga site with an undisturbed surrounding in the wurtzite lattice structure. A fraction f d , subjected to nonunique EFGs, is also observed in all measurements and is regarded as the fraction of probes on substitutional sites but with a severe disturbance of the nearest neighborhood. Different implantation parameters and annealing methods were tried to anneal out this disturbance, thought to be residual damage caused by the ion implantation. However, after annealing up to 1200 K at room temperature, f s never exceeded Ϸ60%-70%.
The observed increase of Q s by Ϸ50% between 16.5 and 1023% K is surprisingly large. Given the small variation of the lattice parameters of GaN in this temperature range, 9 a difference of a few percent would have been expected and has indeed been observed for the transition metal 181 Hf Ga in GaN. 10 It is known that the lattice parameters of GaN can change by the incorporation of dopants or impurities and considerable hydrostatic strain can be introduced. 11 However, the relative change of the lattice parameters with temperature should be comparable for Hf and In impurities. Therefore, the large difference hints towards a special behavior of In in GaN.
In many noncubic materials, it has been found that the EFG and thus Q show a linear decrease when plotted against T 3/2 . 12 Also, for 111 In in GaN, a fit of the function
with BϭϪ1.75(1) ϫ10 Ϫ5 K Ϫ3/2 and Q (0)ϭ5.874 (7) MHz describes the data well ͑Fig. 3͒. However, in GaN, the sign of the coefficient B is found to be negative, i.e., the EFG increases with temperature, whereas in all other known systems, B has positive values of the order of 10
It is interesting to compare the present results with theoretical calculations of the EFG in GaN. Using the admittedly crude point charge model 13 with values for the c and a parameter given by Leszczynski et al. 9 the correct symmetry, orientation, and magnitude of the experimental EFG is obtained.
14 But the change of the lattice parameters with temperature causes only a very slight increase ͑Ͻ3%͒ of the EFG. For a more reliable comparison, it would be desirable to employ the recently, very successful, density-functional method for a calculation of the EFG tensor. 15 However, first calculations 16, 17 show that the EFG strongly depends on the u In probes in GaN on undisturbed substitutional Ga sites ͑values above 550 K are drawn without an error bar, because f s was fixed to 100%͒. parameter of the wurtzite lattice which is unfortunately not known with the necessary accuracy.
The variation of f s with temperature is also unexpected. The rise to high temperatures can not be caused by substitutional diffusion because this would not explain the reversibility of the effect. Further, no diffusion is expected in GaN at the measurement temperatures.
Interstitial diffusion, for example of hydrogen, can also be excluded since it would not be reversible. Pearton et al. 18, 19 report, that hydrogen, is completely lost from any GaN layers above 1173 K and that below 1073 K no diffusion of H can be observed. Therefore, even residual traces of H could not be retrapped after a reduction of temperature.
A relaxation, comparable to the metastable EL2 or DX defects known in various III-V semiconductors, seems improbable too. There, the defect complex switches between two well defined configurations which would be associated with two unique quadrupole interaction frequencies. Here however, the low-temperature configuration is characterized by a broad distribution of frequencies, i.e., ill defined lattice environments of the In probes.
Finally, so called after effects, electronic disturbances in the atomic shell of the probe after the electron capture decay to 111 Cd 20 can not alone be responsible for the observed effect, since it occurs for all probes and the larger fraction of the probes shows no disturbance at any sample temperature.
It is interesting to note that within the experimental errors, the ratio f s to f d is compatible with 2:1. This could be explained by a geometrical effect, possibly a configuration of three In atoms of which two behave identically and the third is responsible for the ill defined quadrupole interaction Q d at temperatures below 550 K.
Summarizing, at present, it is not possible to suggest a lattice configuration consistent with the results reported here. But they clearly contradict the previous assignment of the disturbed fraction to residual lattice damage and make it necessary to explore different models.
This work was partially supported by the Deutsche Forschungsgemeinschaft ͑VI77/3-1͒. The authors gratefully acknowledge the support of Global Lights Industries GmbH, Kamp-Lintfort, Germany. 
